In northern Morocco are located most of the dams and reservoirs of the country, while this region is affected by severe rainfall events causing floods. To improve the management of the water regulation structures, there is a need to develop rainfall-runoff models to both maximize the storage capacity and reduce the risks caused by floods. In this study, a model is developed to reproduce the flood events for a 655 km² catchment located upstream of the 6 th largest dam been compared with ASCAT and AMSR-E remote sensing data products, both were able to reproduce with accuracy the daily soil moisture dynamics at the catchment scale. This same approach could be implemented in other catchments of this region for operational purposes.
Abstract
In northern Morocco are located most of the dams and reservoirs of the country, while this region is affected by severe rainfall events causing floods. To improve the management of the water regulation structures, there is a need to develop rainfall-runoff models to both maximize the storage capacity and reduce the risks caused by floods. In this study, a model is developed to reproduce the flood events for a 655 km² catchment located upstream of the 6 th largest dam in Morocco. Constrained by data availability, a standard event-based model combining a SCS-CN loss model and a Clark unit hydrograph was developed for hourly discharge using 16 flood events that occurred between 1984 and 2008. The model was found satisfactory to reproduce the runoff and the temporal evolution of floods, even with limited rainfall data.
Several antecedent wetness conditions estimators for the catchment were compared with the initial condition of the model. Theses estimators include an antecedent discharge index, an antecedent precipitation index and a continuous daily soil moisture accounting model (SMA), based on precipitation and evapotranspiration. The SMA model performed the best to estimate the initial conditions of the event-based hydrological model (R²=0.9). Its daily output has been compared with ASCAT and AMSR-E remote sensing data products, both were able to reproduce with accuracy the daily soil moisture dynamics at the catchment scale. This same approach could be implemented in other catchments of this region for operational purposes.
The results of this study indicate the potential usefulness of remote sensing data to estimate the soil moisture conditions in the case of ungauged catchments in Northern Africa.
INTRODUCTION
Northern Morocco is the rainiest part of the country, with a Mediterranean type of climate influenced by the nearby Atlantic Ocean. This region hosts some of the largest dams and reservoirs of the country (Bouaicha and Benabdelfadel, 2010) , which are mainly used for water supply and irrigation. Like other regions bordering the Mediterranean Sea the region is also affected by violent flooding events (Llasat et al., 2010) . Torrential rainfall is the main driver of flooding in Northern Morocco, causing extended damages to populations and infrastructure (Bouaicha and Benabdelfadel, 2010) . Estimates of flood volumes are needed to improve dam management in this region which focuses on maximizing the storage of the reservoirs to address regional water scarcity, and avoiding dam overtopping and failure. With the recent development of telemetred network in Morocco, in the next following years it should be possible to implement real time quantitative flood modeling to improve dam management and safety. Therefore, there is a need to develop modeling approaches to improve dam management.
Like in many developing countries, long records of rainfall and runoff data at short time steps are rarely available in North Africa (Hugues 2011) . Therefore, in the context of flood modelling, event-based models are representing a sound alternative to continuous ones. As easy-to-use and simple, event-based models are also often preferred to continuous models for real time operational applications in southern Europe, however their main limitation is that the initial soil moisture conditions need be set from external information (Berthet et al., 2009; Tramblay et al., 2010) . Several studies have shown the strong influence of the antecedent soil moisture conditions on the response of a catchment to a rainfall event in different regions such as Spain (Castillo et al., 2003; Rodríguez-Blanco et al., 2012) , Southern France (Tramblay et al., 2010 , 2011 , Cousteau et al., 2012 , Italy (Brocca et al., 2009a; Norbiato et al., 2008) , Southwestern USA (Wagener et al., 2007) , or China (Huang et al., 2007) . An important research question as stated by Wagener et al. (2007) is how sensitive the model predictions of runoff are to the specification of initial wetness conditions, and how complex an inter-storm model must be to meet this requirement.
In recent studies, relationships have been established between indicators of catchment's antecedent wetness conditions and the initial conditions of event-based models. In particular, the Soil Conservation Service Curve Number (SCS-CN) method (Mishra and Singh, 2003) is widely used for operational flood modeling in Mediterranean countries (Brocca et al., 2009a; 2011b; Tramblay et al., 2010) . Moreover, this model is suitable to account for initial soil moisture conditions with its S parameter describing the initial soil potential maximum retention. Several authors have successfully correlated in situ soil moisture measurements with the S parameter of the SCS-CN model for floods occurring in semi-arid environments (Huang et al., 2007; Brocca et al., 2009a , Tramblay et al., 2010 . When no measurements of soil moisture are available, alternatively a continuous Soil Moisture Accounting (SMA) model can be used. This approach has been also used to set up the initial conditions of event based-models (Norbiato et al., 2008; Javelle et al. 2010; Cousteau et al., 2012) .
In addition, soil moisture data retrieved from active and passive microwave sensors has become readily available at a temporal resolution of approximately one day (Brocca et al., 2011a) . Nowadays, the most established products are those provided by the Advanced Microwave Scanning Radiometer for the Earth observing system (AMSR-E) on-board the Aqua satellite, which will be continued by the recently launched AMSR-2, the Advanced (Amri et al., 2012; Gruhier et al. 2008; Albergel et al., 2009; Brocca et al., 2011a; Parrens et al., 2012) . In the recent years, a growing number of studies are considering the use of this type of data to improve flood modeling and forecasting, through the implementation of data assimilation techniques (Beck et al., 2009; Brocca et al. 2010a; Meier et al., 2011; Brocca et al., 2012; Matgen et al., 2012) .
In this study, the feasibility of setting up a rainfall-runoff model with limited rainfall data is 
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Mdouar catchment
The Mdouar catchment (655 km²) is located upstream of the Makhazine dam (1800 km²), the 6 th largest of the country, in Northern Morocco (Figure 1) surface soil moisture product is retrieved from the ASCAT backscatter measurements using the WARP 5.4 retrieval scheme. This method relies on a time series-based change detection approach which was previously developed for the ERS-1/2 scatterometer by Wagner et al. (1999) . In this approach soil moisture is considered to have a linear relationship to backscatter (in dB), while the surface roughness is assumed to have a constant contribution in time. By knowing the typical yearly vegetation cycle and how it influences the backscatter-incidence angle relationship for each location on the Earth, the vegetation effects are removed, revealing the soil moisture variations. The derived surface soil moisture product (corresponding to a depth of 2-3 cm) ranges between 0% (dry) and 100% (wet) and is available for the period 2007-2011. Validation studies of the ASCAT soil moisture products assessed their reliability for estimating both in-situ and modeled soil moisture observations across different regions in Europe (Albergel et al., 2009; Brocca et al., 2010b Brocca et al., , 2011a Parrens et al., 2012) and also in Africa (Sinclair and Pegram, 2010) , thus addressing their use for practical applications.
AMSR-E
The AMSR-E sensor on-board the NASA's Aqua satellite provided passive microwave measurements at 6.9 GHz (C-band) and five higher frequencies (including 36. Retrieval Model (LPRM) v5 (Owe et al., 2001; product which is produced in collaboration between the VU University Amsterdam and NASA. This product was found to provide better agreement with in situ observations than other publicly available products (e.g. Brocca et al., 2011a) . LPRM is a three-parameter retrieval model (soil moisture, vegetation optical depth, and soil/canopy temperature) from passive microwave data based on a microwave radiative transfer model. It uses the dual polarized channel (either 6.9 or 10.6 GHz) for the retrieval of both surface soil moisture and vegetation optical depth. The land surface temperature is derived separately from the vertically polarized 36.5 GHz channel.
Here, the gridded 0.25° soil moisture product is employed; the dataset covers the period 2002-2011. Similarly to ASCAT, also the AMSR-E-LPRM soil moisture product was extensively validated (e.g. De Jeu et al., 2008; Dorigo et al., 2010; Brocca et al., 2011a) .
Soil Water Index
For many applications, the knowledge of soil moisture for a very thin surface layer is not sufficient. In this study, the semi-empirical approach (also known as exponential filter)
proposed by Wagner et al. (1999) is adopted to obtain a root-zone soil moisture product (SWI, Soil Water Index) from the satellite-based surface soil moisture observations. The SWI depends on a single parameter T (characteristic time length) which represents the time scale of soil moisture variation. The reader is referred to Wagner et al. (1999) and Albergel et al.
(2009) for a detailed description of the exponential filter approach. Systematic differences between satellite-derived and modeled data of soil moisture prevent an absolute agreement between the two time series. Consequently, in this study remotely sensed data are normalized through a regression fit between satellite and modeled soil moisture values thus obtaining the SWI* index (Brocca et al., 2011a) .
FLOOD MODELLING
This section describes the conceptual model for the Mdouar catchment. It includes several components: the base flow, the losses and the flow transfer towards the outlet. The modeling has been carried out through the Hydrologic Modeling System (HEC-HMS) software (USACE 2010).
Base flow
A good knowledge of base flow is important to model the recession of the hydrograph and to estimate the flood volume. Here an exponential recession base flow model was selected; this approach is adequate for basins where the flood volume is strongly influenced by rainfall events (USACE 2010). 
Losses
In this study, the Soil Conservation Service loss model (USDA-SCS, 1985) has been retained.
Different versions of this model have been proposed (Michel et al., 2005) , however here the classical version has been chosen for a better comparability of the results with other studies.
Indeed many studies have successfully used this model in semi-arid Mediterranean environments (e.g. Brocca et al., 2009a; Tramblay et al., 2010) . Moreover, this model is suitable to account for initial soil moisture conditions through the adjustment of the parameter S, the soil potential maximum retention that can be related to various indicators of soil moisture. In the SCS model, excess rainfall is estimated based on the cumulative rainfall on the episode:
( )
Where P e denotes the excess precipitation, P the total precipitation, I a the initial losses and S the soil potential maximum retention. In the classical SCS method, the initial losses are given by I a = 0.2 S.
Transfer
The rainfall excess is routed to the outlet by using the Clark unit hydrograph. This method is particularly effective for reproducing complex hydrographs in basins with variable topography and land use (Sabol, 1988) . The Clark unit hydrograph represents two processes:
translation and mitigation. The translation is based on a synthetic time-area histogram with a time of concentration T c (hours). The histogram represents the watershed area contributing to flow at the outlet with time. Attenuation is modeled by a linear reservoir, representing the impact of basin storage, S t (hours). The average outflow of reservoir for a period t is given by:
With I t , the inflow into the reservoir at time t, C A , C B , the coefficients calculated for each time step (Δt) with the equation:
Model calibration and goodness-of-fit measures
The quantitative measure of the degree of adjustment is given by the objective function, measuring the difference between an observed and simulated hydrograph. Here the peakweighted root mean square error (PWRMSE) was selected as objective function. It has the advantage of considering both the magnitude and time synchronization of the flood peak, by giving more weight to values of above average flow rates for a given event.
Q Obs is the observed flow, the Q Sim the simulated flow at time step t, and Q A the mean observed discharge.
The calibration process aims to find the optimal parameters to minimize the objective function. Here the method of Nelder and Mead (Rao, 1978) which uses the Simplex approach was chosen to optimize the different parameters. Beside the visual inspection of simulated hydrographs, different metrics exist to measure the ability of the rainfall-runoff model to reproduce the flood events. The Nash-Sutcliffe (NS) efficiency coefficient (Nash and Sutcliffe, 1970 ) was used to evaluate the agreement between the simulated and the reference runoff hydrograph. In addition, the average values of the absolute errors on the estimated peak flow and volume obtained for each event were also computed to analyze the results.
Estimators of antecedent wetness conditions
Different approaches exist in the literature to estimate the S parameter for each flood event, either using base flow, antecedent rainfall, or soil moisture measured in situ or through satellites. In the classical SCS approach, the S-values are modulated based on the 5-days antecedent precipitation (USDA-SCS, 1985); however, several studies have shown that, mainly for Mediterranean catchments with a strong seasonality of the soil moisture temporal pattern, this approach was not adequate (Brocca et al., 2009a; 2009b; Tramblay et al., 2010) .
In our study the calibrated S parameter is first compared to different estimators of antecedent wetness conditions, including:
1. The mean discharge over the n previous days. Since daily discharge is routinely monitored at Mdouar river section, the mean runoff averaged over several days prior to a flood event is computed, with the optimal number of days selected to maximize the correlation with S.
The antecedent precipitation index (API, Kohler, 1951). This index is intended to
reproduce the saturation state of the basin by calculating the cumulative rainfall of previous days. The index of one day j is the index of the previous day j-1 multiplied by the factor k, if rainfalls occur on day j, it is added to the index:
The k parameter is here optimized to maximize the correlation between API and S. 
RESULTS
Calibration of the hydrological model
The model structure detailed in the previous section is used to model the 16 available flood events in the Mdouar catchment (655 km²). Due to the limited number of rain gauges, precipitation was interpolated by the method of the inverse distance to compute areal rainfall over the catchment. An hourly time step was chosen, given the observed catchment response times between 2 and 4 hours, depending on the event. Since the objective is to test a model suitable for operational forecasting, it is necessary to set all parameters and provide techniques for estimating the parameters that cannot be fixed to a single value for all events.
Initially, the parameters are calibrated to reproduce each flood event.
The parameters for the recession model were determined by the analysis of the recession limbs of the flood hydrographs. They are assumed constant for every flood events, since they are dependent of the morphology of the basin. The recession constant (R c ) was set at 0. The model performance obtained with the S parameter calibrated for each event is shown in table 2, leading to a mean Nash value of 0.81. The observed and simulated flood hydrographs are displayed in Figure 5 . Half of the flood events have different successive peaks of discharge, caused by the long duration of rainfall events in this region. Indeed, the most important rainfall events are caused by the cyclonic activity over the Atlantic Ocean, they usually last longer than 24h with a strong intermittency. For some events the flood peaks are underestimated most certainly because of the uncertainties on rainfall over the catchment; rainfall is indeed the most critical input for flood modeling (Andréassian et al., 2001 ).
However the causes for model failure may be manifold: the model structure, parameter values or stream flow measurements may also be blamed for low model efficiency. Despite some discrepancies, the model is able to reproduce well the flood dynamics at the hourly time step.
Validation of the hydrological model
The model is validated using two different approaches. Due to the limited sample size, a leave-one-out resampling procedure is implemented; for the n flood events, each event i is successively removed and the relationship between S and the three different antecedent conditions estimators is re-estimated using the remaining n-1 episodes. The S t and T c parameters for the event i are fixed at the median of the S t and T c parameters calibrated for the n-1 episodes. To provide a simple benchmark model, a model version is introduced in which S is fixed at the median optimized value of the remaining n-1 episodes. The parameter values obtained by this procedure are then used to model the flood event i, and the simulated discharge is compared to the observed discharge. This approach provides insights into the uncertainties on many episodes, and thus evaluates the performance that the model could have with new episodes. It must be noted that by comparison to the S parameter, the S t and T c parameters are only very little varying with this validation approach. In addition, a classical
split-sample approach is tested, using the 10 first events for calibration and the remaining 6 events for validation.
Results are presented in table 2, indicating a better model performance when using the SMA model to estimate the S parameter values, with Nash coefficients of 0.71 for total runoff and 0.75 for direct runoff, using the leave-one-out procedure. Similar results are obtained using a split-sample validation with Nash coefficients of 0.70 and 0.77 for respectively total runoff and direct runoff. The lowest errors on peak discharge are obtained when setting S with the SMA model. When using a median S parameter, instead of estimating S from antecedent wetness conditions, the model performance for total or direct runoff is very low with negative Nash values. This highlights the importance of taking into account the antecedent wetness conditions in this type of catchment.
Antecedent moisture conditions from remote sensing data
Finally, the capability of the two satellite soil moisture products derived by ASCAT and AMSR-E sensors to reproduce the modeled soil moisture data with the SMA approach was analyzed. In particular, the comparison was shown between the normalized SWI, SWI*, and modeled data both considering the relative soil moisture values and their anomalies. We note that the comparison considering the anomalies is more robust as the strong seasonality of soil moisture could artificially produce high correlations (Albergel et al., 2009) . Anomalies were computed as in Albergel et al. (2009) are not required anymore.
CONCLUSIONS AND PERSPECTIVES
An event (PERSIANN) could be tested to evaluate the spatial variability during rainfall events (Hughes 2006; Ward et al., 2011) . Further studies should focus on the applicability of such models for other catchments in a regional context, and provide guidelines of application in the case of partly gauged or ungauged catchments. The good relationships obtained between satellite data and modeled soil moisture provides insights for further research on different catchments in northern Africa to palliate the lack of ground measurements for hydrological applications.
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